Introduction
============

Obesity is a chronic, progressive disease with increasing prevalence in both developed and developing countries, and represents an independent risk factor for hypertension, diabetes mellitus, dyslipidemia, and cardiovascular diseases, such as coronary artery disease, atrial fibrillation, and congestive heart failure^[@r01]-[@r03]^. Although the exact mechanisms leading to heart failure in obese patients have not been clarified, obesity has been linked to a spectrum of cardiovascular changes from hyperdynamic circulation through subclinical changes in cardiac structure that eventually manifest in heart failure^[@r03]^.

Obesity increases cardiac workload by increasing total blood volume and cardiac output. Incremental increases in left ventricular (LV) filling pressure and volume may ultimately produce chamber dilatation and LV hypertrophy^[@r02]^. Many studies have shown eccentric LV hypertrophy, LV diastolic dysfunction, and occasionally LV systolic dysfunction in long standing obesity^[@r03]-[@r10]^. Similar to that of the LV, obesity may affect right ventricular (RV) function through increased cardiac output and obesity-related obstructive sleep apnea, both of which increase pulmonary artery pressure and might lead to RV dysfunction. However, previous studies have revealed conflicting data regarding the effects of obesity on the RV and still less is known about RV structure and function in obese subjects^[@r11]-[@r15]^.

Clinical assessment of RV function by echocardiography is challenging due to the retrosternal position and complex shape of the RV and although three-dimensional echocardiography has provided promising results, it is time consuming and has limited practicability. Tissue Doppler imaging (TDI) is a novel echocardiographic technique that allows noninvasive assessment of regional myocardial velocities and offers advantages over conventional imaging of RV because it is clinically useful and potentially less load-dependent than other echocardiographic markers of RV function^[@r16]^.

In this study, we evaluated the impact of isolated obesity on RV structure and function in normotensive young adults (age \< 40 years) by use of TDI measurements in addition to conventional echocardiographic parameters^[@r17]^.

Methods
=======

Patient selection
-----------------

In the present study, we enrolled 69 obese subjects (30 males and 39 females; age \< 40 years; mean age 32.0 ± 5.3 years) who were admitted to our cardiology clinic for routine cardiovascular assessment and found to be free of cardiovascular and pulmonary diseases. Age- and sex-matched, healthy, normal weight volunteers among hospital staff or their relatives served as the control group (group I; n = 35; 15 men and 20 women; mean age 30.1 ± 4.9 years). Obesity was defined as a body mass index (BMI) of ≥ 30 kg/m^2^ and normal weight as a BMI of \< 25 kg/m^2\ [@r17]^. Obese patients were further divided into two subgroups: (1) patients with a BMI of 30-34.9 kg/m^2^ (group II, n = 27) and (2) patients with BMI \> 35 kg/m^2^ (group III, n = 42). We excluded subjects with poor quality echocardiographic images, hypertension, diabetes mellitus, coronary artery disease, heart failure, cardiac valve disease, arrhythmia, and hepatic, renal, endocrine, or respiratory diseases. All participants provided informed consent and the study protocol was approved by the institutional ethics committees of the participating institutions.

Clinical assessment
-------------------

Demographic information including age, gender, family history, personal habits (i.e., alcohol intake, tobacco consumption, drug ingestion, and known pathological conditions), functional status, and duration of obesity were obtained from all patients. Arterial blood pressure was measured after subjects had rested for \> 5 min in a sitting position in a quiet room. A detailed physical examination was conducted to exclude endocrine and cardiovascular comorbidities and a 12-lead ECG was obtained. Routine hematological and biochemical variables were determined from fasting blood samples and included glucose, total cholesterol, triglycerides, high density lipoprotein cholesterol, urea, creatinine, liver function tests, free triiodothyronine, free thyroxine, thyroid-stimulating hormone, and complete blood count. Patients complaining of chest pain were administered exercise stress tests and additional myocardial perfusion scintigraphy when indicated to exclude coronary artery disease.

Standard echocardiographic measurements
---------------------------------------

All of the study participants were subjected to transthoracic echocardiographic examinations (Vivid 7 Pro; 2-4 MHz phased-array transducer; GE Vingmed Ultrasound AS, Horten, Norway) by a cardiologist unaware of the clinical data. M-mode and conventional Doppler measurements were made according to the American Society of Echocardiography guidelines and averaged from three cardiac cycles^[@r18],[@r19]^. The RV diameter and wall thickness were measured from the M-Mode tracings at the end-diastole in the parasternal long axis view. The inner diameter of the right atrium was measured as the horizontal linear dimension from the apical four-chamber view. Pulsed wave Doppler measurements of tricuspid inflow velocities, namely peak E (early diastolic) and peak A (late diastolic), were obtained by placing the sample volume at the tip of the leaflets and averaged from 3 consecutive beats. The velocity of the pulmonary outflow tract was recorded by pulsed wave TDI at a level just distal to the pulmonary valve tips, and pulmonary acceleration time (PAT) was measured.

Tissue Doppler Imaging
----------------------

TDI was performed in the apical four-chamber view using a 5-mm sample volume placed at the lateral tricuspid annulus. We used the minimal gain to assure clear and well-defined pulsed TDI wave borders. Settings were adjusted for a frame rate of 120-180 Hz and myocardial peak systolic (RV Sm), peak early diastolic velocity (RV Em), peak late diastolic velocity (RV Am), isovolumetric contraction (RV ICTm), relaxation time (RV IRTm), and ejection time (RV ETm) were measured. All measurements were averaged from three consecutive recordings. The RV myocardial performance index (RV MPIm) was calculated from the formula: RV MPIm = (IRTm + ICTm) / ETm. The patients with an RV Em / Am ration \< 1 were considered to have RV diastolic dysfunction^[@r20]^.

Statistical Analysis
--------------------

All analyses were conducted using SPSS statistical software for Windows 15.0 (SPSS, Inc., Chicago, IL, USA). Continuous variables were expressed as mean ± standard deviation, whereas categorical variables were presented as percentages. The chi-square statistic was used to assess differences between categorical variables. Analysis of variance was used to compare parameters among the three groups. Pearson\'s correlation coefficient was used to assess the strength of the relationship between continuous variables. A p-value \< 0.05 was considered statistically significant.

Results
=======

Characteristics of the study groups
-----------------------------------

Clinical patient characteristics are presented in [Table 1](#t01){ref-type="table"}. Only weight and BMI were significantly different between groups. The average duration of obesity was 7.3 ± 2.9 and 7.7 ± 2.3 years (range, 2-13 years) in groups II and III, respectively. Although systolic, diastolic, and mean arterial blood pressures were slightly higher in group III, as compared to groups I and II, the differences did not reach statistical significance.

###### 

Clinical characteristics of the groups

  ----------------------------- ----------------------------------------- --------------------------------------------- ------------------------------------------
                                **Group I (n = 35, BMI \< 25 kg/m^2^)**   **Group II (n = 27, BMI 30--34.9 kg/m^2^)**   **Group III (n = 42, BMI ≥ 35 kg/m^2^)**
  Age (years)                   30.1 ± 4.9                                30.9 ± 6.0                                    32.7 ± 4.6
  Gender (M/F)                  15/20                                     14/13                                         16/26
  Weight (kg)                   58.8 ± 5.9                                88.7 ± 8.2^†††^                               106.3 ± 14.5^\*\*\*^
  Height (m)                    1.63 ± 0.06                               1.64 ± 0.07                                   1.64 ± 0.11
  BMI (kg/m^2^)                 22.0 ± 2.1                                33.1 ± 1.3^†††^                               39.6 ± 2.9^\*\*\*^
  SBP (mmHg)                    114.3 ± 7.6                               114.6 ± 5.7                                   117.4 ± 4.7
  DBP (mmHg)                    73.0 ± 5.2                                73.5 ± 5.3                                    74.9 ± 4.7
  MAP (mmHg)                    86.8 ± 5.6                                87.2 ± 5.0                                    89.0 ± 4.2
  Heart rate (beats/min)        78.0 ± 10.6                               81.3 ± 9.8                                    81.6 ± 10.7
  Duration of obesity (years)   \_                                        7.3 ± 2.9                                     7.7 ± 2.3
  Smoking (%)                   25.7                                      29.6                                          21.4
  ----------------------------- ----------------------------------------- --------------------------------------------- ------------------------------------------

BMI: body mass index; DBP: diastolic blood pressure; F: female; M: male; MAP: mean arterial pressure; SBP: systolic blood pressure. \*\*\*, p \< 0.001 vs. group II; †††, p \< 0.001 vs. group I

Conventional echocardiographic parameters
-----------------------------------------

Structural and functional echocardiographic indices of the RV obtained by standard and tissue Doppler echocardiography are shown in [Table 2](#t02){ref-type="table"}. RV wall thickness, right atrial diameter, and RV diameter were significantly higher in the obese groups (groups II and III) as compared to the control group (p \< 0.01, p \< 0.01, and p \< 0.001, respectively). The measurements of the right cardiac chambers were also significantly higher in group III than group II (p \< 0.01 for RV wall thickness and p \< 0.05 for other measurements). The tricuspid early (E) and late (atrial - A) (E/A) ventricular filling velocity ratio was significantly decreased in group II as compared to the control group (p \< 0.001). Although the E/A ratio was further decreased in group III, as compared to group II, the difference was not statistically significant. PAT was found to be significantly shortened in groups II and III (p \< 0.001), and also differed significantly between groups II and III (p \< 0.05).

###### 

Echocardiographic measurements of right ventricular morphology and functions

                            **Group I (n = 35, BMI \< 25 kg/m^2^)**   **Group II (n = 27, BMI 30--34.9 kg/m^2^)**   **Group III (n = 42, BMI ≥ 35 kg/m^2^)**
  ------------------------- ----------------------------------------- --------------------------------------------- ------------------------------------------
  **Standard parameters**                                                                                            
  RA diameter (mm)          29.1 ± 2.8                                31.9 ± 3.8^††^                                34.6 ± 3.5^\*^
  RV diameter (mm)          25.6 ± 3.5                                29.4 ± 2.9^†††^                               31.3 ± 3.1^\*^
  RV FWT (mm)               2.4 ± 0.3                                 3.9 ± 0.9^††^                                 4.9 ± 1.1^\*\*\*^
  Tricuspid E/A             1.57 ± 0.24                               1.32 ± 0.25^†††^                              1.21 ± 0.31
  PAT (ms)                  139.0 ± 16.4                              124.3 ± 12.3^†††^                             115.7 ± 16.8^\*^
  **TDI parameters**                                                                                                 
  RV Sm (cm/s)              13.7 ± 1.6                                13.3 ± 1.4                                    12.6 ± 1.6^\*^
  RV Em (cm/s)              15.5 ± 2.6                                14.1 ± 2.0^†^                                 12.7 ± 2.0^\*\*^
  RV Am (cm/s)              12.0 ± 3.2                                13.2 ± 3.1                                    14.4 ± 3.2^&^
  RV Em/Am                  1.37 ± 0.42                               1.1 ± 0.21^††^                                0.92 ± 0.20^\*\*^
  RV IRTm (ms)              55.1 ± 11.5                               69.3 ± 17.1^††^                               78.6 ± 17.3^\*^
  RV ICTm (ms)              64.4 ± 16.5                               67.6 ± 12.9                                   71.6 ± 15.6
  RV ETm (ms)               266.1 ± 18.3                              256.7 ± 23.5                                  249.9 ± 20.1^&^
  RV MPIm                   0.45 ± 0.07                               0.53 ± 0.07^†††^                              0.60 ± 0.12^\*\*^
  Prevalence of RV DD (%)   11.4                                      44.4^††^                                      69.0^\*^

A: late diastolic velocity of tricuspid inflow; Am: late diastolic myocardial velocity; DD: diastolic dysfunction; E: early diastolic velocity of tricuspid inflow; Em: early diastolic myocardial velocity; ETm: ejection time of myocardium; FWT: free wall thickness; ICTm: isovolumetric contraction time of myocardium; IRTm: isovolumetric relaxation time of myocardium; MPIm: myocardial performance index; PAT: pulmonary acceleration time; RA: right atrial; RV: right ventricular; Sm: systolic myocardial velocity; TDI: tissue Doppler imaging. \*, p \< 0.05 vs. group II; \*\*, p \< 0.01 vs. group II; \*\*\*, p \< 0.001 vs. group II; †, p \< 0.05 vs. group I; ††, p \< 0.01 vs. group I; †††, p \< 0.001 vs. group I; ^&^, p \< 0.01 vs. group I.

Tissue Doppler imaging findings
-------------------------------

Considering RV diastolic function, RV Am did not significantly differ between groups I and II, although it was significantly increased in group III (p \< 0.01). RV Em was significantly lower in group III (p \< 0.01). RV Em/Am was significantly lower in group II compared to the control group (p \< 0.01) and lower in group III than group II (p \< 0.01). RV IRTm was significantly increased in group II compared to the control group (p \< 0.01) and increased in group III compared to group II (p \< 0.05). RV ICTm did not differ significantly between groups. The number of subjects with an Em/Am ratio \< 1 was 4 (11.4%), 12 (44.4%), and 25 (69%) in groups I, II, and III, respectively, and the differences between groups were statistically significant (p \< 0.01 for group I vs. II and p \< 0.05 for group II vs. III) ([Figure 1](#f01){ref-type="fig"}).

![Prevalence of subclinical diastolic dysfunction in the study groups.](abc-101-02-0160-g01){#f01}

RV Sm was significantly decreased in group III as compared to groups I and II (p \< 0.01 and p \< 0.05, respectively), but did not differ significantly between groups I and II. There were statistical differences between groups in regard to RV MPIm, which increased with BMI and was significantly increased in groups II and III as compared to the control group (p \< 0.001), and also increased in group III as compared to group II (p \< 0.01).

There was a significant correlation between BMI and echocardiographic parameters in the study patients ([Table 3](#t03){ref-type="table"}). BMI was found to be positively correlated with RV MPIm, while it was negatively correlated with RV Sm and Em/Am ([Figures 2](#f02){ref-type="fig"}, [3](#f03){ref-type="fig"}, and [4](#f04){ref-type="fig"}).

###### 

Association of echocardiographic parameters with BMI in study patients

                                           **Pearson\'s *r***   **p**
  ---------------------------------------- -------------------- ---------
  RA diameter                              0.68                 \< 0.01
  RV diameter                              0.70                 \< 0.01
  RV free wall thickness                   0.80                 \< 0.01
  Tricuspid E/A                            -0.51                \< 0.01
  Pulmonary acceleration time              -0.59                \< 0.01
  RV myocardial systolic velocity          -0.38                \< 0.01
  RV myocardial early diastolic velocity   -0.50                \< 0.01
  RV Em/Am                                 -0.60                \< 0.01
  RV isovolumic relaxation time            0.54                 \< 0.01
  RV ejection time                         -0.35                \< 0.01
  RV myocardial performance index          0.61                 \< 0.01

E/A: early/late diastolic velocity of tricuspid inflow; Em/Am: myocardial early diastolic velocity / late diastolic velocity; RA: right atrial; RV: right ventricular.

![Correlation of body mass index with RV MPIm. RV: right ventricular; MPIm: myocardial performance index.](abc-101-02-0160-g02){#f02}

![Correlation of body mass index with RV Sm. RV: right ventricular; Sm: peak systolic wave.](abc-101-02-0160-g03){#f03}

![Correlation of body mass index with RV Em/Am. Am: peak late diastolic wave; Em: peak early diastolic wave; RV: right ventricular.](abc-101-02-0160-g04){#f04}

Discussion
==========

The most important findings of the present study were that (1) isolated obesity was associated with subclinical impairment in RV diastolic and systolic functions and dilatation of right cardiac chambers in young healthy subjects, and (2) these unfavorable changes were more pronounced in severely obese subjects, and appeared to be related to the degree of obesity.

Obesity has been shown to have many effects on cardiovascular structure and function. Excess adiposity imposes an increased metabolic demand on the body and both cardiac output and total blood volume are elevated in obesity leading to hyperdynamic circulation, which causes LV and RV structural changes in obesity and subsequently leads to increased ventricular mass and cavity dilatation^[@r02],[@r03]^. Previous studies have suggested that obesity is associated with LV hypertrophy, LV dilatation, LV diastolic dysfunction, and occasionally LV systolic dysfunction^[@r03]-[@r10],[@r21]^. RV structure and function have also been evaluated in several studies, but the results are conflicting^[@r11]-[@r15],[@r22]^.

The present study showed that uncomplicated obesity was associated with RV and right atrial dilatation, and increased thickness of the RV free wall. Also, these structural indices were found to be positively correlated with BMI. Similarly, in a previous study evaluating RV structure and function by echocardiography, RV mass and volume was found to be increased in obese subjects^[@r11]^. Recently, Chahal et al^[@r13]^ reported that RV end-diastolic volume and mass were increased in overweight and obese subjects, which was in accordance with our results. However, the mean patient age in that study was greater and RV morphology was assessed by cardiac magnetic resonance imaging^[@r13]^. On the other hand, some studies revealed no relation between obesity and RV diameter^[@r14],[@r15]^. We also found that the tricuspid E/A ratio was decreased, indicating impaired RV relaxation, and PAT was significantly shortened, indicating increased pulmonary vascular resistance in obese subjects.

Likely causes of the increased RV mass, RV dilatation, shortened PAT, and subsequent impairment of RV function in obese persons include increased total blood volume and preload, hyperinsulinemia and insulin resistance, changes in respiratory workload, presence of obstructive sleep apnea, which has been frequently associated with severe obesity, among other mechanisms. Each of these changes may occur in obesity to different degrees and play a role in alterations of pulmonary vascular resistance and RV structure and function^[@r23]-[@r25]^.

Pulsed TDI is a unique method to measure systolic and diastolic myocardial velocities. The determination of velocities of tricuspid annular motion has been confirmed as a new tool to assess RV systolic and diastolic function in various diseases^[@r16],[@r26]^. This study detected impaired RV diastolic function, as indicated by a decreased RV Em/Am ratio and increased RV IRT in obese subjects. Moreover, RV diastolic function was further impaired in severely obese subjects and closely related with BMI. To avoid the contributory effect of aging to impaired RV relaxation, our study population consisted of young adults (age \< 40 years). We also found subclinical impairment in RV systolic function demonstrated by decreased RV Sm in obese subjects with a BMI ≥ 35 kg/m^2^. The preservation of RV Sm in mildly obese subjects, while significantly decreasing RV Sm in those severely obese, suggested that RV systolic function was affected late in the course of obesity. Since obese subjects with co-morbidities were not included in the present study and blood pressures were similar in obese and normal weight groups, impaired RV function can be attributed to the isolated incidence of obesity in this study. In the literature, studies have revealed normal RV systolic and diastolic function^[@r14],[@r27]^ or impaired RV diastolic function together with preserved systolic function^[@r12],[@r22]^. However, consistent with the present study, most of previous studies reported impaired RV functions in obese subjects^[@r11],[@r12],[@r15],[@r22]^ with some of them reporting improvement in RV function after continuous weight loss^[@r28],[@r29]^.

The MPIm introduced by Tei is a Doppler-derived index to reflect both systolic and diastolic function of the ventricles^[@r30]^. MPIm obtained via TDI has the advantage of measuring systolic and diastolic time intervals within the same cardiac cycle. The MPIm is a useful tool to noninvasively measure RV function^[@r31]^. In the literature, there are few studies that have investigated RV MPI in obese subjects and they revealed conflicting results^[@r14],[@r32],[@r33]^. In our study, TDI-derived RV MPIm was found to be increased in otherwise healthy obese subjects and was significantly correlated with BMI. Similarly, Maniscalco et al^[@r32]^ found that RV MPI was significantly increased in uncomplicated severe obesity and improved after continuous weight loss. On the other hand, Yildirimturk et al^[@r14]^ reported no change in RV MPIm in mildly obese subjects; however, this may be explained by the demographic features of the study population as well as the duration and severity of obesity. Although we found significant increases in RV MPIm in both obese groups, the increase was more pronounced in patients with a BMI ≥ 35 kg/m^2^, which was most likely due to subclinical impairment of RV systolic function in addition to RV diastolic dysfunction in severe obesity.

Study limitations
=================

Obesity was measured using only BMI and no measurements of body fat distribution were made. A better correlation might have been found between abdominal obesity and echocardiographic alterations. We did not perform a sleep study to determine the contribution of obstructive sleep apnea to RV changes. However, patients with obstructive sleep apnea symptoms, such as habitual snoring and witnessed apnea, were excluded. Another limitation to the present study was the lack of a longitudinal follow-up of the obese subjects to document the development of heart failure. Finally, the number of patients was relatively limited in this study; therefore, the results may not be identical when applied to larger populations.

Conclusion
==========

This study demonstrated that isolated obesity in young adults was associated with subclinical abnormalities in RV structure and function. The early detection of impaired RV function may be important in obesity management and TDI may provide a useful tool to monitor subclinical cardiac involvement in obese subjects.
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